abstract BACKGROUND AND OBJECTIVE: Studies of the relationship of weight status with timing of puberty in boys have been mixed. This study examined whether overweight and obesity are associated with differences in the timing of puberty in US boys.
The association between body fat and timing of puberty is well established for girls, with the majority of studies reporting earlier attainment of puberty among overweight and obese girls. [1] [2] [3] [4] Fewer studies have been conducted in boys, and results from these studies have been mixed. Some studies have suggested that overweight and obese boys experience earlier attainment of puberty, [5] [6] [7] similar to girls. In contrast, other studies have reported later attainment of puberty with excess weight. [8] [9] [10] Existing studies on the relationship between weight and pubertal attainment in boys have been limited by small sample sizes, 6, 11, 12 differing definitions of puberty (eg, using proxy measures of puberty such as timing of the pubertal growth spurt vs Tanner stage), 7 and lack of multiple measures of puberty. 8, 13 Furthermore, most studies have not had adequate representation of minority populations to examine race and ethnicity differences in the timing of puberty. [5] [6] [7] Therefore, we used the recent cross-sectional data from the large racially diverse study of puberty in boys by the American Academy of Pediatrics' Pediatric Research in Office Settings (PROS) practice-based research network, 12 one of the largest and most racially diverse studies to examine recent pubertal trends for boys in the US population, to examine whether overweight and obesity were associated with earlier or later attainment of puberty in US boys.
METHODS
The methodology for the collection of data used in this study including clinician training and validation, data collection forms, population selection, and race/ethnicity designation have previously been described in detail. 12, 14 Clinicians were trained in Tanner staging for genital and pubic hair growth and use of a Prader orchidometer for measuring testicular volumes (TV) of 1 to 4 mL. A training manual was provided that contained photographs of sexual maturity stages from Tanner and van Wierengen, and providers had to pass a 2-part qualifying examination to clinically enroll patients. In a subset of practices, intraclass correlations were used to assess the degree to which rater pairs of practitioners were able to independently and reliably stage different measures of development. 
Study Defi nitions
For this analysis, we defined continuous age (years) as the number of days between the month of birth (assuming the subject was born on the first of the month), and the examination date divided by 365.25. Exact birthdate was not available due to internal review board restrictions. When necessary, continuous age was categorized as age rounded to the nearest year. Insurance status was used as a proxy for income.
Weight Status Categories
We used the Centers for Disease Control and Prevention growth percentiles to classify children into 3 categories: normal weight (BMI 5th to 84th percentile), overweight (BMI ≥85th and <95th percentile), and obese (BMI ≥95th percentile). 15 
Main Outcome Measures
The physical manifestations of childhood growth and development are the result of 2 separate but temporally related endocrinologic processes: puberty and adrenarche. Central puberty is regulated by the hypothalamic-pituitary-gonadal axis and is assessed by using testicular volume and genital development in boys. 14, 16 In contrast, adrenarche, which is assessed by using pubic hair development, is the result of maturational changes in the adrenal glands that trigger increased production of adrenal androgens. 17, 18 In this study, we were specifically interested in the relationship between obesity and central puberty; therefore, we used testicular volume and genital stages as our main outcome measures. We classified children as 
Statistical Analysis
We examined the distribution of puberty outcomes across the age spectrum, assessing the percentage of boys who reached Tanner stage GD2 or greater, GD3 or greater, GD4 or greater, and GD5 or greater, and testicular volume outcomes, overall and separately for weight status and by each race/ethnicity group. This permitted us to assess population distributions before conducting our probit models. We conducted probit regression models for each of the Tanner GD2 or greater, GD3 or greater, or GD4 or greater, and testicular volume to predict the probability of having puberty by age for each of the foregoing outcomes. For Tanner GD5 or greater, because no data were available after age 16, we used an ordinal probit regression model, which borrows strength from the other genital stages, to improve the estimates on the right tail (age 17+). All models were fitted by using a Bayesian approach via Proc MCMC in SAS. Following the Bayesian framework, we calculated median age and the corresponding 95% confidence intervals (CIs) for children of different weight groups using Monte Carlo simulations. We assumed statistical significance at a P value of <.05 and did not perform adjustment for multiple comparisons, as has been recommended in the statistical literature. [19] [20] [21] In our initial analyses, we compared median age at a given Tanner stage for obese boys with all other boys and found no differences in median age at pubertal stage by testicular volume. However, we did find evidence of later onset of puberty for obese boys, which was primarily driven by associations in African American boys. Therefore, we elected to conduct a stratified analysis for each of the race/ethnicity groups, comparing median age at a given Tanner stage for normal weight versus overweight, normal weight versus obese, overweight versus obese, and normal weight versus overweight and obese boys. We report the results from these stratified analyses. Figure 1 shows the exclusion criteria for this study. Boys were excluded from the sample for diseases or developmental conditions that could affect puberty (n = 75) or if they were taking oral or inhaled glucocorticoids (n = 313), stimulant medications (n = 476), or human growth hormone (n = 10). We also excluded an additional 52 boys for whom genital stage information was missing and 207 boys who had a missing BMI (n = 108) or who were underweight (<fifth percentile; n = 99). Because we wished to compare boys with excess weight with boys who were normal weight, we excluded underweight children from the analysis because studies have shown that underweight is associated with delayed puberty and could bias the results. 22, 23 When we compared boys in our sample with those who were excluded, there were no differences by age (P = .36) or race/ethnicity (P = .50). Table 1 displays the demographic and clinical characteristics of boys in our sample. Half of boys (49.9%, n = 1931) were white, 25.8% (n = 1000) were African American, and 24.3% (n = 941) were Hispanic. Although there were no significant differences by age across racial groups, there were significant differences in weight status, insurance status, and pubertal status. A higher proportion of African American (26%) and Hispanic boys (28.9%) were obese compared with white boys (18.3%). These estimates were higher compared with recently reported national obesity prevalence data: 19.9% for black, 24.1% for Hispanic, and 12.6% for white boys. 24 African American and Hispanic boys were also more likely to be 3
RESULTS

FIGURE 1
Exclusions for the study population. *No chronic conditions, oral/inhaled steroids, stimulant medications, growth hormone.
by guest on August 30, 2017 Downloaded from enrolled in Medicaid than white boys. The table also shows median age at Tanner GD2 or greater through GD5 or greater for white, African American, and Hispanic boys. Figure 2 shows median age at Tanner GD2 or greater through 5 or greater for white, African American, and Hispanic boys according to weight status. In analyzing the data for the entire study population, we did not find consistent associations across all stages, but there was evidence of a trend for earlier puberty in overweight compared with normal weight white boys for GD2 or greater (9.3 For Hispanic boys, we did not find significant differences in timing of puberty among weight status groups (Fig 2) . Figure 3 shows differences in median age at TV ≥3 mL or ≥4 mL for white, African American, and Hispanic boys, respectively. We found evidence for earlier puberty for overweight compared with normal weight boys for white boys but not for African American or Hispanic boys.
DISCUSSION
In a large, racially and ethnically diverse, community-based sample of US boys, we found evidence of earlier puberty for overweight compared with normal or obese boys, and evidence of later puberty for obese compared with normal and overweight boys. These differences were not consistent across all pubertal stages or all races/ethnicities. This apparent inconsistency provides insights into why the results of published analyses on the relationship between weight status and boys' puberty have been mixed.
Our findings of later puberty for obese boys and earlier puberty for overweight differ from previous studies, none of which have explored comparisons of pubertal timing across 3 weight groups. Wang conducted an analysis of puberty and weight using cross-sectional data from the NHANES and estimated a median age for Tanner genitalia stage for the overall cohort of boys aged 8 to 14 years. 8 Boys were categorized as "early maturers" if they reached their Tanner genitalia stage earlier than the median age for that stage within the cohort; otherwise they were categorized as "late maturers." Wang did not separate overweight from obese boys, grouping boys into 1 overweight or obese category (≥85th percentile). Interestingly, both groups were more likely to be classified as "late maturers." However, that study did not examine overweight boys alone and did not examine race/ethnicity interactions for the association.
It is difficult to compare our data with other studies given that most studies have not distinguished between an overweight weight category exclusively or an obese category exclusively or they used BMI as a continuous variable. For example, a number of studies supported a negative association between timing of puberty and excess weight. Crocker et al reported a negative association between BMI z score and TV. 10 Average TV was 7.5 mL (95% CI 6.9-8.1) for obese (n = 208) boys (mean age 11.7 years) compared with 9.2 mL (95% CI 8.6-9.8) for nonobese boys (mean age 11.2 years; n = 231), but this study did not perform comparisons of only overweight children. In a longitudinal cohort of mostly Caucasian boys from the National Institute of Child Health and Human Development Study of Early Childcare, Lee et al found that boys with the highest trajectory of BMI z score had the lowest attainment of Tanner stage 2 puberty by age 9 years, but this study did not compare children based on weight classification. 9 Biro et al found that boys who had a higher fat mass as measured by sum of skinfolds had less advanced sexual maturation by age 12, and that boys who had a higher BMI and higher adiposity reached any maturation stage at older ages. 25 Similar findings were reported from a Spanish male cohort. 11 Studies in boys have also suggested the opposite association, with an earlier onset of puberty related to obesity. DeLeonibus prospectively followed a group of 44 obese Caucasian boys and 27 normal weight boys in Italy and reported that mean age at the onset of puberty was lower for the obese group (11.66 ± 1.00 years) compared with the nonobese group (12.12 ± 0.91 years). 6 Ribeiro also reported similar findings in a population of 382 boys from Portugal. 26 Much larger male cohort studies from England 7 and Sweden 27,28 that used age at peak height velocity as a proxy for the timing of pubertal maturation have also suggested that boys with a higher prepubertal BMI experience an earlier onset of puberty, although these studies consisted of men born in England between 1927 and 1956, 7 and Swedish boys 27, 28 from the early 1970s, cohorts that grew up well by guest on August 30, 2017 Downloaded from before the onset of the worldwide childhood obesity epidemic.
It has been hypothesized that aromatase activity from adipose tissue may lead to excess estrogen production in boys, leading to possible delays in puberty [29] [30] [31] ; therefore one might expect a linear association between fat mass and timing of puberty. However, given the earlier onset of puberty we found for overweight boys, and the later onset of puberty for obese boys, we speculate that it is possible that greater estrogen production in the obese boys could be suppressing the pubertal process for obese, but not overweight, boys.
Strengths of our study include the fact that the PROS subjects came from a community-based, large and diverse population of boys, which provided us with the opportunity to look at associations across 3 racial/ ethnic groups. We also had access to dual measures of puberty, including both genital development and the gold standard measure for central puberty (TV), 32 with interrater reliability for both Tanner staging and TV measurement demonstrated for examiners. 14 Because of the large sample size, we were able to compare different and distinct weight categories.
Limitations of this study include several factors. First, the data were from a cross-sectional convenience sample of US boys seen in pediatric offices for well-child care. Because of the size and geographic diversity of the sample, children were assessed by nonendocrinologist pediatricians trained in pubertal assessment rather than by pediatric endocrinologists with more extensive experience in sexual maturity staging. Second, because of the large number of clinical centers participating, height and weight equipment were not calibrated. Third, BMI is a surrogate measure of adiposity, and studies have found that the relationship between body fat and BMI may vary depending on gender and race, as well as overall percent body fat. 33 Fourth, to protect privacy, we could not collect the precise day of birth, although this is unlikely to have 6
FIGURE 2
Median age at Tanner genital stage 2 or greater, Tanner genital stage 3 or greater, Tanner genital stage 4 or greater, Tanner genital stage 5 or greater across all weight categories (normal weight, overweight, and obese) for white, African American, and Hispanic boys. Brackets represent P values for the comparisons of weight groups (overweight vs. normal weight, obese vs. overweight, and obese vs. normal weight). *P < .05
by guest on August 30, 2017 Downloaded from introduced meaningful differences in our results. There is great concern about the effects of endocrine disrupting compounds, including chemicals such as bisphenol A (BPA), polychlorinated biphenyl, and phthalates, on pubertal timing in boys. 34 Given that BPA binds to estrogen receptors, there is concern that BPA exposure may lead to earlier onset of puberty in girls, 35 but the effects are unknown for boys.
Our findings represent a unique contribution to our understanding of the complex relationship between boys' puberty, overweight, and obesity. The relationship between pubertal timing and body fat in boys may be nonlinear, prompting the need for further clinical and mechanistic studies to evaluate pubertal outcomes and hormone levels across a spectrum of weight categories.
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FIGURE 3
Median age at TV of 3 mL or greater and at TV of 4 mL or greater across all weight categories (normal weight, overweight, and obese) for white, African American, and Hispanic boys. Brackets represent P values for the comparisons of weight groups (overweight vs. normal weight, obese vs. overweight, and obese vs. normal weight). *P < .05
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